Introduction {#sec1}
============

The molecular structure of organic pollutants determines their physicochemical properties and toxicities, which are essential in investigating pollutant fate, transport, and environmental impacts.^[@ref1]−[@ref3]^ Even small structural changes can greatly affect physicochemical properties. For instance, large variations in *K*~OA~ were observed between isomers of hexachlorocyclohexane,^[@ref4]^ resulting in different long-range transport pathways to the Arctic.^[@ref5]^ As another example, the metabolism of polybrominated diphenyl ethers differs among congeners with different bromine substitution patterns.^[@ref6]^ The specific molecular structure also determines the chemical activity. A recent study showed that halogen substitution neighboring the phenolic hydroxyl groups of bisphenol A analogues significantly enhanced their antimicrobial activity.^[@ref7]^ Despite the importance of the molecular structure of organic pollutants, extracting this information can be a great challenge for substances of unknown or variable composition, complex reaction products, and biological materials (UVCBs).^[@ref8]^ In particular, this challenge has existed for decades for the UVCBs known as chlorinated paraffins (CPs).^[@ref9]^

CPs are high-production volume industrial products (\>1 million metric tons/year) used as extreme pressure lubricant additives, flame retardants, and plasticizers.^[@ref10]^ They are usually synthesized under free radical chlorination with low positional selectivity.^[@ref9]^ Therefore, a typical CP product is an extremely complex mixture with potentially hundreds of thousands of possible isomers of polychlorinated *n*-alkanes (i.e., C*~n~*H~2*n*+2--*m*~Cl*~m~*),^[@ref11]^ with manufacturers only specifying the carbon chain length range and degree of chlorination (% Cl, w/w). These specifications result in a rough classification of CP products: short-chain (SCCPs, C~10--13~), medium-chain (MCCPs, C~14--17~), and long-chain (LCCPs, C~≥18~) CP mixtures.^[@ref12]^ Although all CPs have been identified as potentially hazardous substances since the early 1980s^[@ref13],[@ref14]^ and appear to be ubiquitous environmental contaminants,^[@ref15]^ SCCPs were only recently (2017)^[@ref16]^ identified and globally regulated as persistent organic pollutants (POPs), while MCCPs and LCCPs are still being used extensively.

The complexity of CPs is a serious obstacle for their analysis, research, and regulation.^[@ref9]^ Although column chromatography can resolve stereoisomers in a CP isomer standard,^[@ref17],[@ref18]^ no chromatographic technique has so far isolated individual isomers in a typical CP product.^[@ref19]^ In an optimal situation, CP isomers with a given number of carbons and chlorines can be resolved as a congener group (denoted as C*~n~*Cl*~m~*) using high-resolution mass spectrometry (HRMS).^[@ref20]^ While mass spectrometry (MS) can provide valuable insights into the mass distribution of the mixture, the exact isomeric distribution can be impossible to elucidate and other spectroscopic methods, such as nuclear magnetic resonance spectroscopy (NMR), are required.^[@ref21]^

NMR is a powerful and non-invasive tool capable of providing detailed structural information about even the most complicated systems. The chemical shifts of ^1^H and ^13^C nuclei in one-dimensional (1D) NMR provide an indication of their chemical environment and were used to identify the chlorine arrangement in substances such as pure CP isomers^[@ref22]−[@ref24]^ but showed extensive overlap for the CP mixtures.^[@ref19],[@ref25]^ The peak capacity of a two-dimensional (2D) ^1^H--^13^C NMR spectrum is around 2 million, and the additional spectral dispersion versus 1D NMR helps reduce spectral overlap.^[@ref26],[@ref27]^ Sprengel et al. used 2D heteronuclear single-quantum coherence spectroscopy (HSQC) to assign nine substructures to single-chain length CPs synthesized by free radical chlorination using sulfuryl chloride.^[@ref19]^ However, the complexity and overlap of 2D NMR spectra made direct assignments of individual isomers impossible. Through the application of predicted 2D NMR to CPs, it is possible to profile the "spectral fingerprints" of different isomers and after databasing use the signatures for "best fit pattern matching" against the experimental 2D CP NMR. Such an approach was developed for identifying unknown organics in soil^[@ref28]^ but has yet be used to investigate complex isomeric environmental contaminant mixtures.

Herein, we significantly improve our knowledge of CP composition from the congener group level to actual isomeric discrimination. In this manner, multidimensional NMR was applied and vast 1D and 2D NMR databases were predicted using neural networks, which were then matched against the experimental data to provide an understanding of the most likely components present in CP mixtures. Multiple single-chain length CP mixtures were analyzed using both an established MS method^[@ref29]^ and the new NMR approach, resulting in identification of the isomers that are most likely to be present in each CP mixture. On the basis of the identified isomers, it became possible to predict the physicochemical properties and toxicities of the most likely CP mixture components.

Materials and Methods {#sec2}
=====================

Chemicals {#sec2.1}
---------

Single-chain length CP mixtures were used to reduce the complexity from a range of chain lengths.^[@ref19]^ Nine samples of CP mixtures were synthesized by Quimica del Cinca (Barcelona, Spain), a CP manufacturer, by chlorination of *n*-tetradecane and *n*-pentadecane. The mixtures were provided gratis by the Chlorinated Paraffin Industry Association (CPIA, Washington, DC). These consisted of five chlorinated *n*-tetradecanes (C~14~ CPs with degrees of chlorination of 39.75% Cl, 44.86% Cl, 50.07% Cl, 55.34% Cl, and 60.14% Cl) and four chlorinated *n*-pentadecanes (C~15~ CPs with degrees of chlorination degrees of 40.30% Cl, 44.80% Cl, 50.00% Cl, and 54.75% Cl). For detailed synthesis of CPs and sample preparation, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf).

MS Spectrometry {#sec2.2}
---------------

Congener groups in the C~14/15~ CP mixtures were measured using a direct injection dichloromethane-enhanced APCI-Q-Orbitrap MS^[@ref30]^ instrument (Q-Exactive, Thermal-Fisher Scientific) operating in negative full scan mode (*m*/*z* 300--2000) with an MS resolution of 120000 fwhm (full width at half-maximum). The molar compositions of congener groups in each CP mixture were quantified on the basis of an algorithm developed previously.^[@ref29]^ Each congener group was quantified on the basis of its own instrumental response factor, which thus reduces the level of response discrimination in CPs.^[@ref31]^ The quantification performance was evaluated by the CP mixture's degree of chlorination calculated on the basis of the congener group distribution.^[@ref32],[@ref33]^ For detailed instrumental settings and response factor calculation, see the [Supporting Information and Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf).

NMR Spectroscopy {#sec2.3}
----------------

The NMR measurements consist of (i) 1D ^1^H NMR, (ii) 1D ^13^C NMR, (iii) 2D ^13^C--^1^H HSQC, and (iv) 2D ^1^H--^13^C heteronuclear multiple-bond coherence (HMBC). All NMR measurements were performed on a Bruker Advance III HD spectrometer operating at a ^1^H frequency of 500.30 MHz fitted with a TCI Prodigy Cryoprobe. The assignment of the experimental NMR spectra was performed on the basis of matches against the predicted databases (1D ^13^C, HSQC) and then cross referenced for consistency using experimental HMBC *J* couplings.^[@ref34]^ For detailed NMR settings and assignment information, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf).

Prediction and Matching of ^13^C NMR Spectra {#sec2.4}
--------------------------------------------

All possible CP isomers in the form of SMILES codes for the congener groups identified as major components by MS \[C~14~Cl~1--10~ and C~15~Cl~1--7~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf))\] were calculated. After identical structures had been removed (i.e., mirror images that were not stereoisomers), 410000 unique chemical structures remained. The ^13^C NMR spectra were then predicted for all possible isomers using a neural network algorithm. These were arranged into one database containing the C~14~ CP isomers and one database containing the C~15~ CP isomers. Next, each ^13^C NMR spectrum of the chlorinated mixtures was quantitatively compared against the predicted databases using the ACD/Labs similarity search algorithm ([Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)). The top 1000 matches, as ranked by hit quality index (HQI, [eq S1](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)), were retained. For validation, experimental and predicted data (^13^C and ^1^H) were compared for three polychlorinated alkane isomers: 1,2,3-trichloropropane, 1,1,1,2,2,3,3-heptachloropropane, and pentaerythrityl tetrachloride ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)). Further details are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf).

![2D NMR spectra and MS result of the C~14~ 60.14% Cl CP mixture. (a) ^1^H--^13^C HSQC spectrum and assignment of all regions based on both manual assignment and matches from predict databases. (b) ^2,3^*J* HMBC ^1^H--^13^C spectrum and assignment of all regions. Comparison of (c) the HSQC spectrum and (d) the same HSQC spectrum with the top 100 isomer spectra overlaid. (e) Molar distribution of molecular formulas (i.e., congener groups) determined using MS. (f) Molar distribution of the top 100 isomers determined using NMR.](ez0c00244_0001){#fig1}

Prediction and Matching of ^1^H--^13^C HSQC Spectra {#sec2.5}
---------------------------------------------------

CP structures were further filtered on the basis of the 2D NMR HSQC spectra. The HSQC spectra were predicted for the top 1000 isomers using a neural network algorithm. For matching, each of the 1000 isomers was compared against the CP mixtures ([Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)), yielding the top 100 isomers based on HQI ([eq S2](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)). The 100 isomers of each C~14/15~ mixture were grouped on the basis of the molecular formulas to form the molar distribution in the mixture. The formula distributions identified independently by NMR and MS were compared on the basis of the coefficient of determination (*R*^2^), with an *R*^2^ of 1 indicating a perfect match and an *R*^2^ of 0.5 a threshold of match.^[@ref35]^ Finally, physicochemical and toxicity parameters of the top 100 isomers were predicted using the Percepta Platform (ACD/Labs). Further details are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf).

Results and Discussion {#sec3}
======================

Molar Composition of Congener Groups {#sec3.1}
------------------------------------

The MS results show that molar abundances of congener groups in each C~14~ or C~15~ CP mixture ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)) are the highest for congener groups with degrees of chlorination close to that of the mixture. For example, C~14~Cl~4~ (42.18% Cl) and C~14~Cl~3~ (35.25% Cl) are the most abundant congener groups in the C~14~ 39.75% Cl mixture, and C~15~Cl~6~ (50.75% Cl) is the most abundant congener group in the C~15~ 50.00% Cl mixture. This trend of congener group distribution in a CP mixture is consistent with previous studies.^[@ref29],[@ref33]^ The calculated degrees of chlorination of the C~14/15~ CP mixtures agree with the manufacturer-reported values (*r*^2^ \> 0.99) with the absolute deviation ranging from −0.22% Cl to 0.06% Cl ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)). In addition, C~14~Cl~15~ was found in the C~14~ 60.14% Cl mixture. This confirms the presence of multi-chloro-substituted carbons in technical mixtures of CPs that have been reported in previous studies.^[@ref19],[@ref25],[@ref29]^

Fragments of Functional Groups in CP Mixtures {#sec3.2}
---------------------------------------------

The ^1^H NMR spectra of C~14~ or C~15~ CP mixtures downfield shift with an increasing degree of chlorination due to deshielding from the chlorines ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)). Such a trend was also reported by Sprengel et al.^[@ref19]^ However, the ^1^H NMR spectra provide little detailed molecular information due to a lack of dispersion. In contrast, the ^13^C NMR spectra provide better dispersion, allowing identification of discrete regions where major CP fragments occur, along with comparisons of their relative quantities ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)). With increasing degrees of chlorination, the quantities of \[-CH~2~-\] and methyl groups in the CP mixtures decrease, while the quantities of chlorine-substituted groups increase. ^13^C NMR also helped further confirm the presence of dichloro-substituted carbons, and a small quantity of trichloromethyl terminations^[@ref36]^ and unsaturated compounds^[@ref37],[@ref38]^ was also identified. However, 1D ^13^C NMR still shows considerable overlap of fragment regions.

The 2D HSQC spectra improve the assignment by increasing spectral dispersion and providing one-bond H--C correlations.^[@ref19]^ Though spectral overlap is reduced in a 2D plot, due to the complex nature of the CPs, it is still highly complicated, and with assistance via pattern matching from the predicted databases (see below), the overlap from different functional moieties is extensive ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). To support the HSQC assignments, HMBC was used for the analysis of CPs. Upon inclusion of all of the ^2,3^*J*^1^H--^13^C correlations (i.e., carbons within two or three bonds of the selected proton resonance), the assignment of major fragment regions is less ambiguous ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). While spectral assignment can provide an overview of the major structural components that are present, to gain information about individual isomers and their distributions, spectral matching of vast predicted NMR databases is required.

Prediction and Matching of NMR Data {#sec3.3}
-----------------------------------

The total number of possible isomers for C~14~ and C~15~ CPs is more than 410000, showcasing the extreme complexity of CP mixtures. This number is ∼25 times larger than the number of 16271^[@ref11]^ calculated on the basis of ref ([@ref39]). This is because the latter assumed no more than one chlorine atom bound to any carbon atom, while our calculation allowed for carbon atoms to be substituted by up to two chlorines. The number of possible isomers increases by geometric progression with an increase in chain length^[@ref39]^ and the number of substituted chlorines ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)). Therefore, we limited the list of isomers within the ranges of C~14~Cl~1--10~ and C~15~Cl~1--7~.

It was not possible to generate ^1^H--^13^C HSQC spectra for all of the isomers, due to the computational expense of HSQC prediction. Instead, the ^13^C NMR spectra of all of the 410000 isomers were predicted, and the top 1000 isomers matching the experimental ^13^C NMR spectra were identified for each CP mixture (shown in [Worksheets 10 and 11](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_001.xlsx)). Then ^1^H--^13^C HSQC spectra were predicted for the top 1000 isomers and compared with the spectra of all of the C~14/15~ CPs, resulting in the top 100 isomers ([Worksheets 1--9](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_001.xlsx)).

2D HSQC experiments tend not to be fully quantitative.^[@ref40]^ The peak search algorithm matches on the basis of patterns^[@ref28]^ in the 2D data rather than intensity. However, as the peak picking used is done both computationally and then by eye, both approaches will always bias the most intense and well-defined peaks in the data. As such, the results from the 2D mixture searches will favor the most abundant components that best match the chemical shift patterns in the experimental data.

Top 100 Isomers {#sec3.4}
---------------

The overlaid spectrum (an example is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) of the top 100 isomers ([Worksheet 5](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_001.xlsx)) adequately represents the dominant signals (i.e., major components) in the experimental NMR spectrum of the C~14~ 60.14% Cl mixture ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). Region I in the HSQC spectrum ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) is not represented by the top 100 isomers, which arises from methine protons between two perchlorinated neighbors. While these compounds are included in the predicted databases, their very low abundance leads to negative discrimination by the ^13^C matching algorithm (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)). It is also noteworthy that the simulations exclude unsaturated isomers \[that were at very low concentrations of \<1% ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf))\], which explains the lack of signal around 6 ppm (^1^H)/70 ppm (^13^C), where unsaturated compounds resonate (region II in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d).

The top 100 isomers of all of the C~14/15~ CP mixtures are generally comparable \[median *R*^2^ = 0.83; range of 0.30--0.93 ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf))\] with the molecular formulas identified independently by MS ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e,f and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)); they are thus an adequate representation of the overall mixture, although biased toward the most abundant components in the mixtures. The low *R*^2^ (0.37) for the C~14~ 55.34% Cl mixture might due to this bias. Moreover, C~14~Cl~\>10~ and C~15~Cl~\>7~ were included in the MS results but not in the NMR results. This results in the least comparable congener group distribution in this for C~15~ 54.75% Cl (*R*^2^ = 0.30) as the MS data show that C~15~Cl~\>7~ mixtures contribute in an amount of 33%. The degrees of chlorination calculated on the basis of the top 100 isomers show larger deviations (−6.99% Cl to 4.17% Cl) than the MS results but are comparable with the deviations in another study^[@ref33]^ that quantified congener groups.

Positional Selectivity of Chlorine Substitution {#sec3.5}
-----------------------------------------------

The top 100 isomers of each CP mixture were depicted as a substitution heat map ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) of the most likely position of chlorine on the alkane. The maps were generated by summing the number of times a chlorine occurred at a specific position across the top 100 isomers for each mixture (for details, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)). The heat maps clearly show that chlorine substitution at each carbon is not statistically evenly distributed in any CP mixture. With C~14~ 39.75% Cl (equivalent to C~14~H~26.38~Cl~3.62~) as an example, if chlorines were evenly distributed, all 30 hydrogens of the tetradecane would have an identical substitution percentage of ∼12%. Remarkably, the third carbon from an end of the chain, denoted as C(3), is the most reactive to chlorine in mixtures with low and intermediate degrees of chlorination (C~14~ 39.75--55.34% Cl and C~15~ 40.30--50.00% Cl). This may be explained by steric effects and the low bond energy at C(3). Gerson and Nyburg measured C--C bond lengths along *n*-tetracosane and *n*-hexacosane using X-ray crystallography; the C~2--3~ bond was the longest, while the C~3--4~ bond was the second longest.^[@ref41]^ These two C--C bonds also showed the highest probability of breaking in the fragmentation experiment of *n*-tetradecane and *n*-nonane under electron impact.^[@ref42]^ These studies suggest that C(3) is the most reactive position along the *n*-alkane under free radical chlorination. Meanwhile, C(4) in all CP mixtures ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) is least reactive to chlorine. Adjacent to a "hot spot" of chlorination \[i.e., C(3)\], C(4) may be influenced by both steric hindrance^[@ref43]^ and the electron cloud of the chlorine on C(3). Despite being adjacent to C(3), C(2) has a weaker steric effect from the methyl group \[i.e., C(1)\] and thus shows a higher substitution percentage than C(4) in all of the CP mixtures. The steric hindrance from C(3) is lower for carbons farther from C(3) \[e.g., C(5)\], facilitating chlorination of these carbons.

![Heat maps showing chlorine substitution at each carbon as a percentage for the top 100 CP isomers in the database of nine samples. The name of a CP mixture, e.g., C~14~ 39.75% Cl CPs, is shown as C~14~Cl(40). Note that stereoisomers are not considered. Therefore, both the mirrored carbons \[e.g., C(1) and C(14) in a C~14~ CP mixture\] and hydrogens a/b(/c) on a carbon atom are equivalent positions. The results are expressed as simple percentages, for example, for a specific position of the 10% displayed it means that in 10% of the top 100 isomers this position is substituted by chlorine.](ez0c00244_0002){#fig2}

Among different CP mixtures, the maximum substitution percentage at the central carbon(s) \[i.e., C(7) and C(8) of C~14~ CPs and C(8) of C~15~ CPs\] was found in CP mixtures with intermediate degrees of chlorination. Intermediately chlorinated CP isomers may tend to reach the lowest-energy fold,^[@ref44],[@ref45]^ making the central carbon(s) experience the least steric hindrance. Chlorination is less preferable for primary carbons \[i.e., C(1)\] than secondary carbons,^[@ref43]^ which can be seen in CP mixtures with the lowest level of chlorination ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). However, with an increase in the degree of chlorination, the chlorine substitution percentage grows at C(1), with the percentage at C(1) being the highest in highly chlorinated CP mixtures (C~14~ 60.14% Cl). This may be because hydrogens on most secondary carbons are substituted with chlorine, which causes stronger steric hindrance compared with the primary carbon. Dichloro substitution is most likely at C(2) and the central carbon(s). The methyl group on C(2) has less steric hindrance to substitution of the second chlorine compared with the ethyl group on C(3).

Environmental Implications {#sec3.6}
--------------------------

The structures of CP isomers are crucial in predicting and elucidating physicochemical properties,^[@ref45],[@ref46]^ environmental behaviors,^[@ref47],[@ref48]^ and decomposition mechanisms^[@ref49]−[@ref51]^ of complex CP mixtures comprised of these isomers. In the work presented here, the predicted physicochemical and toxicity parameters of the top 100 isomers are summarized in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_001.xlsx) for each CP mixture. To compare our predictions with experimental data, we predicted parameters of each CP mixture ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)) on the basis of their isomeric composition, allowing comparison to experimentally available CP mixture data. The predicted LD~50~ parameters agree with previous findings that mammalian toxicity appears to decrease with chain length and increase with the degree of chlorination.^[@ref52]^ However, caution should be used in interpreting these predicted data as they are based on only C~14~ and C~15~ CPs, while the chain length range of CPs can be from C~10~ to C~30~ and even wider. Meanwhile, CPs with 50--55% Cl showed the minimum experimental log *K*~OW~ value among mixtures of the same chain length,^[@ref46]^ which is consistent with our prediction ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)). Quantitatively, the experimental log *K*~OW~ of C~15~ 50.4% Cl was 6.65,^[@ref46]^ while our prediction was 6.77 (C~15~ 50.00% Cl), which is 1 order of magnitude closer than a prediction of 7.78 based on assumed isomer compositions^[@ref45]^ ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf)).

C~14~ and C~15~ CPs are major components of the commercial MCCP products.^[@ref53]^ They have frequently been found to have the dominant chain lengths of CPs in wildlife,^[@ref54]−[@ref56]^ human,^[@ref11],[@ref57],[@ref58]^ sediment,^[@ref59],[@ref60]^ sewage sludge,^[@ref61]^ and indoor dust samples^[@ref62],[@ref63]^ worldwide. Our work addresses the urgent need for substantial knowledge of these mixtures and can extend to other chain lengths if individual mixtures are available.^[@ref64]^ However, the geometric growth of the number of possible isomers with an increasing chain length and chlorines may pose a demanding challenge for NMR prediction and databasing. This requires more computing resources and/or techniques working in tandem, e.g., separation and concentration of CPs prior to the NMR analysis. More importantly, our work demonstrates the usefulness of a predicted and databased NMR matching framework for a better understanding of complex environmental isomeric mixtures. These techniques may not only play a key role in elucidating individual isomers in CPs but also potentially be extended to any complex organic mixtures.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.estlett.0c00244](https://pubs.acs.org/doi/10.1021/acs.estlett.0c00244?goto=supporting-info).Top 100 isomers (Excel Worksheets 1--9) and top 1000 isomers (Excel Worksheets 10 and 11) ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_001.xlsx))Synthesis of CPs; MS experiment; NMR experiment; NMR data prediction, database creation, and spectral matching; comparison of NMR-MS results (Table S1); fragment quantities (Table S2); modeled physicochemical properties and toxicity parameters (Table S3); calculation of log *K*~OW~ (Table S4); C*~n~*Cl*~m~* RF calculation (Figure S1); examples of spectral matching (Figure S2); NMR prediction validation (Figure S3); molar distributions (Figure S4); ^1^H NMR spectra (Figure S5); and numbers of possible isomers (Figure S6) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00244/suppl_file/ez0c00244_si_002.pdf))
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